Indium tin oxide nanowires were grown by the reaction of In and Sn with O 2 at 800 • C via the vapor-liquid-solid mechanism on 1 nm Au/Si(001). We obtain Sn doped In 2 O 3 nanowires having a cubic bixbyite crystal structure by using In:Sn source weight ratios > 1:9 while below this we observe the emergence of tetragonal rutile SnO 2 and suppression of In 2 O 3 permitting compositional and structural tuning from SnO 2 to In 2 O 3 which is accompanied by a blue shift of the photoluminescence spectrum and increase in carrier lifetime attributed to a higher crystal quality and Fermi level position. © 2014 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4875457] Indium tin oxide (ITO) or Sn doped In 2 O 3 nanowires (NWs) are important as transparent conducting oxides (TCOs) for the fabrication of solar cells, 1-3 flexible displays, 4 and ultra violet light emitting diodes [5] [6] [7] [8] [9] because it has been suggested that higher Sn doping levels and conductivities can be attained in ITO NWs compared to bulk ITO. So far ITO NWs have been grown by carbothermal reduction of In 2 O 3 and SnO 2 5 but the control of stoichiometry is not trivial as it has been observed that SnO 2 NWs may be obtained even when a higher content of In 2 O 3 is used during carbothermal reduction carried out under an inert gas flow at elevated temperatures 10, 11 which also leads to the non-intentional incorporation of carbon. In addition ITO NWs have been grown by pulsed laser deposition (PLD) of In 2 O 3 and SnO 2 as shown recently by Meng et al. 12 Furthermore, ITO NWs have been obtained from the reaction of In and Sn with O 2 by reactive vapor transport as both metals have low melting points of 157 • C and 232 • C, respectively, and similar vapor pressures. For instance, Chiu et al. 13 obtained ITO NWs at 900 • C under a flow of Ar by using 20 nm diameter Au nanoparticles (NPs) on Si(001) and a fixed In:Sn source weight ratio of 9:1 while Chang et al. 14 used a fixed In:Sn source weight ratio of 9:1 and obtained ITO NWs on 5 nm Au/Si(001) at 600 • C using Ar,H 2 and O 2 . However, despite all of these efforts only few have investigated in detail the incorporation of Sn and the changes that occur in the crystal structure of ITO NWs by changing the In:Sn source ratio over a broad range. 5, 12 For instance, Meng et al. 12 obtained 20 at. % Sn in their ITO NWs using PLD by varying the In 2 O 3 :SnO 2 ratio of their target so that the corresponding Sn:In + Sn at. % ratio was 1%, 5%, 10%, 30%, 50%, and 90%. In contrast, Gao et al. 5 Here we have grown ITO NWs on 1nm Au/Si(001) via the reaction of In and Sn with O 2 at 800 • C and 10 −1 mbar by varying systematically the In:In + Sn% weight ratio, hereafter denoted simply as % In, which was equal to 3%, 7%, 9%, 12%, 20%, 60%, 70%, 80%, and 100%. For 3% In, we obtained SnO 2 NWs with a tetragonal rutile crystal structure but between 3% to 9% In, we observe the existence of two distinct phases, i.e., SnO 2 with a tetragonal rutile crystal structure and cubic bixbyite In 2 O 3 due to the limited miscibility and different ionic radii of In and Sn. Above 12%, In we observe a complete suppression of the tetragonal rutile crystal structure and obtain Sn doped In 2 O 3 , i.e., ITO NWs. The incorporation of Sn was confirmed by the systematic shift of the (220) peak of In 2 O 3 from θ = 30.6 • to 30.75 • with increasing % In but also by energy dispersive x-ray analysis which showed a maximum of 5.9 at. % Sn in the In 2 O 3 NWs. We observe a blue shift of the photoluminescence (PL) with increasing % In which is accompanied by an increase in carrier lifetime attributed to an improvement in crystal quality and Fermi level residing closer to the conduction band edge.
ITO NWs were grown using a hot wall, low pressure chemical vapor deposition (LPCVD) reactor consisting of four mass flow controllers and a 1 horizontal quartz tube (QT) installed in a furnace capable of reaching 1200 • C which was fed via a micro flow leak valve that was positioned upstream just after the gas manifold. A chemically resistant, rotary pump capable of reaching 10 −4 mbar was connected downstream. For the growth of ITO NWs, Sn (Aldrich, 2-14 Mesh, 99.9%) and In (Aldrich, Mesh 99.9%) were weighed with an accuracy of ± 1 mg. In all cases, the total weight of the In and Sn was approximately equal to 0.2 g and the % In was 3%, 7%, 9%, 12%, 20%, 60%, 70%, 80%, and 100%. Square p + Si(001) samples having dimensions of ≈7 mm × 7 mm were cleaned in trichloroethylene, methanol, acetone, and isopropanol, rinsed with deionised water and dried with nitrogen. A layer of 1 nm Au was deposited on the clean Si(001) surface after removing the native oxide with HF, rinsing in water and drying with nitrogen. The In and Sn along with the 1 nm Au/p + Si(001) samples were loaded in the 1 QT and pumped down to 10 −4 mBar. Then the 1 QT was purged with 600 sccm of Ar for 10 min at 10 −1 mbar after which the temperature was increased to 800 • C at 30 • C/min under the same flow of Ar. Upon reaching 800 • C, a small flow of 10 sccm O 2 was added to the main flow of Ar in order to grow the ITO NWs over 60 min after which the O 2 flow was cut off and the reactor was allowed to cool down slowly over 30 min. The ITO NWs were always removed when the temperature was lower than 100 • C and the 1 QT was changed regularly in order to maintain a clean high temperature zone and avoid contamination. The morphology of the ITO NWs was determined by scanning electron microscopy (SEM) while the phase purity and crystal structure were determined by high-resolution x-ray diffraction (HRXRD) using a SmartLab Rigaku diffractometer with a 9 kW rotating anode and parallel monochromatic beam Cu-K α1 radiation. We used a two bounce (220) × 2 Ge monochromator in the incident beam with horizontal sample stage and coplanar measurement geometry. Furthermore cross section transmission electron microscopy (XTEM) and high-resolution TEM (HRTEM) observations were carried out in a 200 kV JEOL 2011 electron microscope with a point resolution of 0.194 nm and a spherical aberration coefficient C s = 0.5 mm. Finally, energy dispersive x-ray analysis (EDX) was carried out using a FEI SEM equipped with an EDX Si(Li) detector from EDAX Inc.
The reaction of Sn with O 2 over the 1 nm Au/Si(001) surface at 800 • C lead to a high yield, uniform growth of SnO 2 NWs with average diameter of ≈50 nm and lengths up to 100 μm which appeared as a white layer. The SnO 2 NWs exhibited clear and well resolved XRD peaks corresponding to the tetragonal rutile crystal structure of SnO 2 . This is in agreement with selected area electron diffraction (SAED) pattern and HRTEM analysis carried out previously on SnO 2 NWs obtained using the same growth conditions, which verified that they crystallize in the tetragonal rutile phase belonging to the P42 /mnm space group with lattice constants of a = 0.4738 nm and c = 0.3186 nm. 15 Similarly, the reaction of In and Sn with O 2 over the 1 nm Au/Si(001) using exactly the same growth conditions lead to the growth of ITO NWs with diameters of a few tens of nm's and lengths up to 100 μm as shown in Fig. 1(a) but they appeared as a light green layer. Here it should be noted that pure In 2 O 3 NWs obtained from the reaction of In with O 2 at 800 • C and 1 mBar using a new 1 QT were tapered consistent with the morphology of In 2 O 3 NWs obtained previously from the reaction of In and Ar:O 2 at 900 • C and 1 atm. 19 We find that a few % Sn in In resulted into a change in morphology and the growth of NWs like those shown in Fig. 1(a) implying that Sn plays a key role in the growth of ITO NWs. More specifically, we find that the ITO NWs do not grow on plain Si(001) and have spherical NPs on their ends suggesting that they grow by the VLS mechanism consistent with Meng et al. 12 who also showed that the Au NP on the end of the ITO NWs is richer in Sn than In. The high-resolution XRD patterns of the ITO NWs obtained for different % In contents are shown in Fig. 2 . More specifically, for 3% In, we observe the formation of SnO 2 NWs with a tetragonal rutile crystal structure but no evidence for the In 2 O 3 cubic bixbyite structure. However, for 7% In, we observe the existence of two distinct phases corresponding to the cubic bixbyite crystal structure of In 2 O 3 and tetragonal rutile crystal structure of SnO 2 . Interestingly, the (110) dominant reflection of SnO 2 is suppressed when the In content is increased to 9% and disappears at 12% In in which case the XRD peaks show a small shift from those corresponding to the pure In 2 O 3 . It should be noted that we do not find any evidence for the existence of SnO, which is a p-type semiconductor. The existence of the tetragonal rutile crystal structure of SnO 2 and cubic bixbyite of In 2 O 3 for < 10% In is attributed to the different ionic radii of Sn 4+ and In 3+ , which prevents complete miscibility and leads to phase separation. On the other hand, the shift of the XRD peaks from the cubic bixbyite crystal structure of In 2 O 3 above 10% In is due to the incorporation or doping of Sn into the In 2 O 3 NWs, i.e., the formation of ITO NWs. A typical TEM image of the ITO NWs obtained for 70% In is shown in Fig. 1(b) . The lattice fringe spacing measured from the HRTEM image shown in Fig. 1(c) equals 0.718 nm and corresponds to the d-spacing of the {−1,1,0} crystallographic planes of the In 2 O 3 cubic bixbyite structure. Nevertheless, it was not possible to determine the distortion of the crystal structure due to the incorporation of Sn from HRTEM. In order to investigate the incorporation of Sn in the In 2 O 3 NWs, we have determined the changes that occur in the lattice constant of the In 2 O 3 NWs with increasing % In from the shift of the XRD peaks as shown in the inset of Fig. 3 . This shift has also been observed in the case of ITO NWs obtained from the carbothermal reduction of In 2 O 3 and SnO 2 by Gao et al. 5 The expanded view of the (222) reflection of In 2 O 3 depicted as an inset in Fig. 3 shows its dependence on the % In but contradicts Vegard's law which predicts a contraction in the host lattice due to the radius of the Sn 4+ ion (0.71Å) which is smaller compared to that of In 3+ (0.81 Å). 5 This contradiction has been attributed to the large repulsive force arising from additional positive charges of the Sn cations 16, 17 or to the increase of interstitial O which neutralizes the extra positive charges. 18 The variation of the lattice constant of the ITO NWs with In content determined from the (222) reflection of In 2 O 3 is shown in Fig. 3 . The lattice constant is 10.065 Å in the case of pure In 2 O 3 and reaches a maximum value of 10.1634 Å for 7% In which is accompanied by the appearance of SnO 2 peaks as shown in Fig. 1 . In order to verify the incorporation of Sn into the In 2 O 3 NWs, we also carried out EDX and the % In and Sn compositions of the ITO NWs are listed as an inset in Fig. 4 along with EDX spectra. For 3% and 7% In, we obtain SnO 2 NWs containing 2.96% and 3.3% In, respectively, corresponding to the existence of two distinct phases in accordance with high-resolution XRD. However, the cubic bixbyite crystal structure of In 2 O 3 is dominant for 9% In and we observe a suppression of the tetragonal rutile crystal structure of SnO 2 , which disappears at 12% In in which case we obtain ITO NWs. We find a maximum incorporation of 5.86 wt. % Sn or 3.5 at. % Sn in the In 2 O 3 NWs which is closer to the findings of Gao et al. 5 In addition to the structural and compositional tuning of the ITO NWs, we observed a blue shift of the PL with increasing % In as shown in Fig. 5 . More specifically we obtain a broad PL with a maximum at λ = 600 nm (≈2.0 eV) from the SnO 2 NWs which shifts to 500 nm (≈2.5 eV) for 50% In and to 450 nm (≈2.8 eV) for 82% In corresponding to ITO NWs. Besides, we observe an increase in the carrier lifetime as shown by the time resolved PL in the inset of Fig. 5 . Before elaborating further, we ought to point out that In 2 O 3 is an n-type semiconductor with a direct energy band gap of ≈3.5 eV and a lower indirect gap of 2.6 eV. Similarly SnO 2 has a direct energy band gap of 3.7 eV but the even-parity symmetry of the conduction-band minimum and valence-band maximum states prohibits band-edge radiative transitions which has hindered the potential application of SnO 2 as an optoelectronic device. The broad PL of the SnO 2 NWs at ≈600 nm or 2.0 eV is due to radiative recombination between defect states that are located energetically in the upper half of the energy band gap and hole states in the valence band as shown schematically in Fig. 5 and as we have shown using ultrafast time resolved absorption transmission spectroscopy not only in SnO 2 but also in In 2 O 3 NWs. 19 We suggest that the shift of the PL maximum from 2.0 to 2.8 eV with increasing
